Whether anthropogenic global warming may be impacting tropical cyclones (TCs) has become a matter of intense debate. In this paper we investigate the effects of beliefs about TC detection capacities in the North Atlantic on trends in TC numbers since the 1870s. While raw data show an increasing trend of TC counts, the capability to detect TCs and to determine intensities and changes in intensity has also increased dramatically over that period. We present a model of TC activity that allows investigating the relationship between what one believes about the increase in detection and what one believes about TC trends. Previous work has used assumptions on TC tracks, detection capacities or the relationship between TC activity and various climate parameters to provide estimates of year-by-year missed TCs. These estimates and the associated conclusions about trends cover a wide range of possibilities. We build on previous work to investigate the sensitivity of these conclusions on the assumed priors about detection. Our analysis shows that any inference on TC count trends is strongly sensitive to one's specification of prior beliefs about TC detection. Overall, we regard the evidence on the trend in North Atlantic TC numbers to be ambiguous.
Introduction
Whether anthropogenic global warming may be impacting tropical cyclones (TCs) has become a matter of intense debate . Raw data from the North Atlantic show an increasing trend of annual TC counts in the region (Vecchi and Knutson, 2008; Holland and Webster, 2007) . A similar observation holds for the number of high-intensity TCs (Webster et al., 2005) . The difficulty of interpretation is that the capability to detect TCs and to determine intensities and change in intensity has also increased dramatically over that period (e.g. Landsea et al., 2004 Landsea et al., , 2006 Landsea, 2007) . Consequently there is a relationship between what one believes about the increase in detection capability and what one believes about trends in TC activity. This paper investigates the effects of beliefs about TC detection capacities in the North Atlantic on trends in Atlantic TC numbers.
The dataset used for studies on North Atlantic TC trends is the "best track" dataset of the National Hurricane Center (HURDAT). HURDAT includes observed positions, maximum wind speeds, and some central pressure measurements for TCs dating back to 1851. The North Atlantic is widely regarded as having the most reliable TC data and the longest TC time series. Trend detection in all basins, in particular the North Atlantic, is complicated by natural variability on several time scales, including the multidecadal (Klotzbach and Gray, 2008; Vecchi and Knutson, 2008) . Consequently, long historical coverage is essential for trend analysis. However, Atlantic TC records from the earlier period prior to the availability of reconnaissance aircraft and satellites rely on sparsely populated coasts and limited ship tracks (Landsea et al., 2004 (Landsea et al., , 2006 , with the consequence that some TCs likely did not get recorded. Thus, an increasing trend of the observed counts might be attributed entirely to improvements in detection technology while maintaining a zero trend for the actual yearly TC counts (Landsea, 2007) .
The extent of data quality issues in HURDAT has been the subject of intense discussions (Landsea, 2007; Holland and Webster, 2007; Vecchi and Knutson, 2008; Chang and Guo, 2007; Mann et al., 2007; Bengtsson and Hodges, 2008; Landsea et al., 2010) , with some studies suggesting that the Atlantic TC record can be regarded as reasonably reliable back into the late 19th century because ships could not be warned off from approaching TCs (Mann and Emanuel, 2006; Holland and Webster, 2007) . A number of recent studies aim at interpreting the HURDAT records by augmenting it with estimates of year-by-year missed TC counts. These studies can be categorized into three groups based on the principles they employ to estimate missed TCs. One group matches satellite-era TC tracks with earlier ship tracks and land points (Chang and Guo, 2007; Vecchi and Knutson, 2008) . A second group analyzes time trends of the proportion of TCs possessing certain characteristics, such as TCs making landfall, which can be argued to have had enjoyed good detection even in the earlier times (Solow and Moore, 2000, 2002; Landsea, 2007; Nyberg et al., 2007) . A third group predicts TC counts by modeling their relationship to other climate variables with more accurate historical records (Mann et al., 2007; Solow and Beet, 2008) .
Building on these studies, our analysis investigates the sensitivity of conclusions about trends in TC numbers on the assumed priors about detection. Our goal is to encourage climate researchers to use the platform we develop, possibly in conjunction with other trend models, and to draw their attention to the extremely important issue of carefully quantifying one's beliefs about detection probabilities. To illustrate this latter point, we first develop a belief quantification that produces estimates of missed TC counts that match the numbers reported in Vecchi and Knutson (2008) , thus recapturing their conclusion of an increasing trend of yearly TC counts since the 1870s. We then show that seemingly minor changes to this belief quantification result in either roughly constant or negative trends. This sensitivity of the inference on the prior input is not a negative feature of our approach, rather a simple reminder of the inherent ambiguity of the HURDAT records caused by missing observations. Our analysis shows that any inference on TC count trend is strongly sensitive to one's specification of prior beliefs about TC detection.
In section 2, we begin by reviewing changes in TC detection methods and technologies over time. We then briefly discuss the assumptions that had to be made by different previously published approaches for the estimation of missed Atlantic TCs. Section 3 explains the data and methods. Our results in section 4 show the strong sensitivity of earlier approaches to the assumptions made on TC detection capacities. Conclusions are discussed in section 5.
TC detection and recording over the years
Tropical cyclones include tropical depressions, tropical storms and hurricanes from category 1 to category 5 (Simpson, 1974) . Trend analysis of TC numbers considers "named storms", that is, TCs of tropical cyclone strength or greater. Two criteria determine whether wind speed observations of tropical storm strength or greater are recorded as a tropical cyclones within HURDAT (Landsea et al., 2008) . First, evidence of a closed circulation and the non-frontal character of the system are required to distinguish the cyclone from an extratropical or subtropical cyclone. Second, at least two wind speed measurements or estimates by independent observers are required (Landsea et al., 2008) . Thus, the reasons leading to a TC not being recorded in HURDAT are twofold. First, an actual lack of observations of the TC in question, and second, a lack of information to classify the observed wind anomaly as tropical cyclone. Figure 1 gives a timeline of how TC observation technology has changed over the years, along with the occurrences of the major events that may have impacted our ability to record TCs.
The US Signal Service has been observing Atlantic TCs since approximately 1873 (Sheets, 1990; Fernández-Partagás and Diaz, 1996) . Several forecast offices were established in the 1930s, followed by the designation of the Miami forecast office as National Hurricane Center in 1955 (Sheets, 1990) . Satellite observations have been available since 1967, aircraft reconnaissance since 1945. Prior to 1945, TC records relied entirely on ship and coastal observations. In parts of the US, insufficient coastal density and limited reporting in the early part of the century may have led to a failure to detect landfalling TCs that had not been reported by ships (Landsea, 2007; Sheets, 1990 , Figure 1 ). Figure 1: A timeline of Atlantic TC observation cataloging main changes in observation technology along with other major events that may have impacted TC recording.
Timeline of Atlantic TC observation
Ships may not have sighted and reported all TCs that occurred due to insufficient coverage with regular ship routes, insufficient observation equipment, and possibly conscious avoidance of approaching TCs. Until radio became available in 1905, TC observations relied on ship reports after the ship returned to port. TC observations were evaluated with the Beaufort scale, which specifies differences in waves and the ocean state up to category 1 hurricanes, and with marine barometers if available (Landsea et al., 2004 , C. W. Landsea, personal communication, 2007 . In 1900, approximately one quarter of ships were equipped with marine barometers; by 1930, most had barometers (Landsea, 2007) . Prior to the opening of the Panama Canal in 1915, ship routes were concentrated in the northern and eastern parts of the basin and near the US East coast. The opening of the Panama Canal significantly increased the likelihood of observation of TCs south of 32 North (Vecchi and Knutson, 2008) . Methods to detect approaching TCs prior to recording gale force winds were available although it is unclear to what extent mariners made use of these methods to avoid contact with approaching TCs (Bowditch, 1841; Piddington, 1860; Bowditch, 1995) .
Both limited density of and coverage by ship tracks and the possible conscious avoidance of TCs may have resulted in missed TCs. Evidence of a closed circulation usually relied on weather maps or multiple observations of the same TC. With the limited coverage and limited quality of observations, such evidence was not always available, likely resulting in the omitting of additional TCs from HURDAT during this era. Aircraft reconnaissance has been used sporadically since 1944, and more regularly since 1956 after the devastation caused by several New England hurricanes (Dorst, 2007) . Until the 1960s, reconnaissance flights were typically dispatched to investigate TCs that had already been detected; in addition, regular patrols covered the route from Bermuda to east of St. Croix, St. Croix to Miami and back to Bermuda. Flights generally did not travel beyond 55 West. Dunn and Miller (1960, page 155) , report that about half of all TCs were initially detected by ships until the 1960s. While some TCs were probably first detected by aircraft, this leaves a large number of TCs to be initially detected by islands or coastal areas, implying that at least some of those TCs that remained at a reasonable distance from islands and coasts were likely missed altogether.
During the early satellite era beginning in 1967, TC observations relied on a combination of visible satellite imagery and aircraft reconnaissance. Nighttime observations became possible only with the launch of infrared (IR) satellites in 1974 and the adoption of a Dvorak-scheme for the interpretation of IR imagery in 1984 (Neumann et al., 1999) . Further significant changes were gradual improvements in coverage and resolution (Sheets, 1990 , Landsea et al. 2006 , and the addition of the Advanced Microwave Sounding unit (Brueske and Velden, 2003) , the Quick Scatterometer Quikscat (Atlas et al., 2001 ) and the Cyclone Phase Space analysis tool (Harper and Callaghan, 2006) , during the years 2000 to 2003 (Landsea, 2007) . Two types of systems might be underrepresented to some extent prior to these more recent improvements. First, TCs with very short lifetimes could have been missed , in particular due to a lack of nighttime IR imagery and due to viewing gaps. Knapp and Kossin (2007) find that in the 1980s, satellite observations were not available during 5.5% of all 6-hour periods during which a TC was present in the North Atlantic; during the 1990s and 2000s this was reduced to 1.6% and 0.5%, respectively. Second, storms may have been detected but not classified as TCs as they exhibited tropical characteristics or tropical storm strength for only a short period of time.
The capacity to classify storms that were only tropical for short time periods has also improved dramatically over time; in fact Landsea (2007) suggests that capacities may have become adequate only in recent years with the help of new tools such as cyclone space analysis. The original Dvorak developmental sample (Velden et al., 2006) did not include subtropical systems -storms that exhibit both tropical and extratropical characteristics and that might or might not become fully tropical at some stage of their lives.
Approaches that estimate missed TCs necessarily rely on assumptions about detection capacities, and in some cases, aspects of TC activity and the presence or absence of changes in TC activity over time. Matching ship tracks with satellite era TC tracks requires the assumption that the spatial distribution of satellite era TC tracks is similar to the distribution during earlier time periods (Vecchi and Knutson, 2008 ). However, tracks may not be static in time if they respond to shifts in atmosphere-ocean conditions such as the recent warming of the eastern Atlantic (Holland, 2007) .
A second type of assumption made by approaches using ship tracks is that the number of recorded TCs during the satellite era matches the number of TCs that actually occurred. This assumption is problematic given the insufficiency of observational capacities for the correct classification of short-lived or weakly tropical storms until very recently (Landsea, 2007; Landsea et al., 2010) . Models using climate variables are affected by a similar problem, as the assumed relationship between TCs and climatic variables has to rely on data over a certain time period (or time periods) to estimate the parameters in the model. However, available observation technologies and interpretation schemes continued to undergo significant changes and improvements during the satellite era, with likely effects on the completeness of TC records (Landsea, 2007; Landsea et al., 2010) . Hence even the satellite era records are likely not to be complete.
A third type of assumption made by approaches that consider ship tracks concerns observation and detection capacities and practices. Available studies assume land points to be perfect storm detectors. This means, first, that coasts were populated at sufficient density to detect TCs, which may not have been the case in the first two or three decades of the century (Sheets, 1990; Landsea et al., 2006) . Second, it is assumed that land points everywhere were sufficiently equipped to observe and correctly classify TCs (Vecchi and Knutson, 2008; Chang and Guo, 2007) . It is further assumed that ships did not alter their course to avoid encounters with TCs before tropical storm force winds and in particular evidence for a closed circulation could be reported (Vecchi and Knutson, 2008) . If TCs were avoided, this should have caused the record of observed TCs to be even more incomplete. It is also assumed that observation by one (Chang and Guo, 2007) or two (Vecchi and Knutson, 2008) observers always led to a storm being recorded. The additional requirement that evidence of the storms tropical characteristics was available has not been incorporated into available studies (Vecchi and Knutson, 2008) .
Combining detection probability with raw counts
Let n i denote the raw TC counts in the HURDAT records corresponding to calendar year y i , i = 1, 2, · · · , N . We cover the period from y 1 = 1871 through y N = 2008 with N = 138. Let m i denote the missed TC counts for these years, and t i = n i + m i the actual total TC counts. Our aim is to infer about the trend of t i 's. We achieve this within a Poisson trend model (Solow, 1989; Elsner and Kara, 1999) : gives the mean TC count in the central year and e η 2 − 1 gives the percentage change in mean counts over the N years relative to year 1. The important parameter here is the slope η 2 . A positive, zero or negative value of η 2 indicates an increasing, flat or decreasing trend of the total TC counts. The cosine term in (2) is introduced to allow multi-decadal oscillation in TC frequency (Klotzbach and Gray, 2008) . Here, φ 1 encodes the amplitude of this oscillation; φ 2 encodes a phase shift -φ 2 = 0 makes year 1 coincide with a peak (positive or negative depending on the sign of φ 1 ) of this oscillation; φ 3 encodes the number of oscillation cycles within the period of study.
For the j-th TC in the i-th year, let the detection probability be π ij , j = 1, 2, · · · , t i , i = 1, 2, · · · , N . We let π ij depend both on the detection technology available in year i and a scalar z ij denoting some measure of strength of the TC being detected. The latter is included to reflect the notion that for any given detection method, a stronger TC was more likely to be detected than a weaker one. This measure of strength can be defined in various ways and a vector of multiple measures could also be considered. For our illustration, we consider a simple measure where z ij denotes the time (in hours) the corresponding TC had wind speed in category 1 or higher. We specify
where the scalar parameter γ i gives the contribution of the i-th year's detection technology, and the scalar parameter β gives the influence of TC strength on its detectability. In principle, one can replace β with a year dependent β i , but we shall stick to a constant β to maintain simplicity. Note that the strength z ij is unobserved for every TC that went undetected. This requires a probability distribution to describe what these missing measurements could have been, with parameters underlying the distribution that can be learned from the z ij that were actually recorded. Toward this, we define z ij = max(0, v ij ) with v ij
). This definition reflects that each z ij is non-negative and can equal zero with a positive probability 1 . The year specific means µ i and variances σ 2 i allow year to year variation in the overall strength of the North Atlantic TC season. We use Bayesian analysis to infer about the model parameters from the data. Bayesian analysis is a statistical method that shows how data changes prior beliefs to new beliefs. Along with a probabilistic model of the data given the parameters, it also requires a probability distribution specifying one's prior belief about the parameter values. Implicitly, the justification is that the readers conclusions after examining the data should be a blend of the reader's prior beliefs and the implication of the data as indicated by the model. 
Percentage change over N years in mean TC count relative to year 1:
Discrete uniform on {−.5, −.475, · · · , .5}
Percentage change from minimum to maximum mean TC count due to oscillation: e Number of oscillation cycles: φ 3 /2 2.5 (1, 4) Table 1 : Prior distributions on model parameters (except for detection probability parameters).
The unknown parameters in our model are
and β. For our illustrations, we fix the detection parameters β and {γ i } N i=1 , partly to emphasize that the inference on the other parameters, particularly η 2 , is quite sensitive to the choice of these parameters. Specific choices are given in the next section. Prior beliefs about each of the remaining parameters are specified by choosing an appropriate probability distribution as described in Table 1 . These parameters are taken to be a priori independent of each other, i.e., the joint prior distribution on all these parameters is simply the product of the marginal prior distributions that appear in Table 1 . The entries in Table 1 are chosen as follows. For each parameter, we look at model features (usually one) that are directly influenced by the parameter. Then a prior distribution is chosen to provide reasonable values for the a priori mid-point and range for each of these model features. All prior distributions are chosen from simple exponential family distributions or discrete distributions.
Illustration
To specify the detection probability parameters β and {γ i } N i=1 , we first split the study period into 10 sub-periods. The separation points are chosen to reflect significant changes in detection technology over the years as well as some other global events that are likely to have affected TC recording. These ten sub-periods are shown on the first column of Table 2 , with the events determining the onset of these sub-periods described in the second column. The γ i values for all years within a sub-period are taken to be identical.
Beginning of study -3.5 -3.5 -3.5 1873-1905 US Signal Service -2. 75 -3.25 -3.25 1906-1916 Ships with radio -0.75 -1. Table 2 : Choice of detection probability parameters γ i and β for experiments E1, E2 and E3.
In our first experiment (E1 hereafter), we consider values of γ i and β as given in the E1 column of Table 2 . For this choice, detection probabilities of 7 hypothetical TCs are shown in the top-left panel of Figure 2 . These 7 TCs correspond to 7 different levels of strength -starting from a TC that never reached category 1 windspeed, to one that was category 1 or more for 10 days. For each sub-period, the detection probabilities of the 7 storms are shown by 7 dots in the middle. The lines joining dots from one sub-period to the next are purely for visual assistance -the detection probabilities are flat within a sub-period.
Once the detection probabilities are specified, we learn about the other model parameters from data through their joint posterior distribution as determined by the likelihood function and the prior. The joint posterior cannot be represented by any well known probability distribution, but can be explored via Markov chain Monte Carlo (MCMC; Robert and Casella, 2004; Gilks et al., 1995) . An MCMC produces samples of parameter vectors from their joint posterior distribution and approximates posterior summaries by taking averages over the sampled values. We use an MCMC that explores the joint posterior of the model parameters plus the missing observations m i and z ij (for unobserved TCs) together through standard Metropolis-Hastings updating of η 1 and η 2 ) and Gibbs updating of φ 1 , φ 2 , φ 3 , and the block {(µ i , σ
are updated via reversible jump Metropolis.
The bottom-left panel of Figure 2 shows the posterior distribution over missed TC counts m i under choice E1. The posterior means of m i are shown by the gray line. Overlaid on this is the black line showing the missed TC counts reported by Vecchi and Knutson (2008) . The detection probabilities in E1 were chosen to obtain a posterior summary of missed TC counts similar to that of Vecchi and Knutson (2008) . The top and middle panels on the right show posterior densities of η 1 and η 2 . The posterior mean total TC count in the central year is approximately 10. The posterior places an overwhelmingly large probability (98%) on the slope η 2 being positive. Thus the assumptions of E1 strongly support the conclusion of increasing TC activity. The posterior mean of total change in TC counts over the N years (relative to beginning of the study) is 25% (bottom-right panel).
Sensitivity to prior quantification
We consider two other choices of detection probabilities, as given in the E2 and E3 columns of Table 2 , to illustrate how the posterior trend critically depends on these choices. E2 is similar to E1, except for the years 1878 through 1940. E1 assigns very high detection probabilities (≈ 80% or more) even to tropical storm strength TCs in the period 1921-1940, when measurements were based on ship and land records only. E2 (Figure 3 ) presents a somewhat less optimistic view, where the detection probabilities are more than 50% only for TCs that were category 1 or stronger for at least 3 days. E2 also lowers detection probabilities for Year Total TC counts
Posterior Trend
Figure 2: A visual summary of experiment E1. Top-left panel shows chosen detection probabilities across years for a set of 6 hypothetical TCs of various strength, measured by the hours each TC was a category 1 or higher. The vertical dotted lines mark the end of detection sub-periods as described in Table 2 .
the same relative patterns in the 1878-1940 period as given by E1. E3 (Figure 4 ) is exactly same as E2 except for the value of β which is halved. Experiments E2 and E3 lead to substantially different inferences on the TC count trend relative to E1 (Table 3) . Under E2, the posterior probability of η 2 being positive is less overwhelming (81%) than that under E1. The posterior mean of total percentage increase reduces to 10%. E3 presents a different picture -where the posterior probability of η 2 > 0 drops down to 31% and the mean trend is negative -with about 4% drop in TC counts over the N years.
E1
E2 E3 P(η 2 > 0 | data) 0.98 0.81 0.31 E (e η 2 − 1 | data) 25% 11% -4% Table 3 : Posterior inference on the trend of mean TC count under experiments E1, E2 and E3. Despite identical prior beliefs on trend, the three experiments lead to very different conclusions due to differences in the specification of TC detection probabilities.
Conclusions
This paper presents a model of TC activity in the North Atlantic in the last century and a half. Depending on which set of assumptions one finds more reasonable, different conclusions are found about the long term trend in TC numbers. This points to the sensitivity of the conclusions to what is assumed about TC detection, especially in the earlier period. Overall, we regard the evidence about the trend in TC numbers in the North Atlantic to be ambiguous. Year Total TC counts
Posterior Trend E(e ! 2 ! 1|data) = -4% Figure 4 : Visual summary of experiment E3. Some evidence toward a negative trend, with a mean drop of 4% in mean TC counts across the period of study.
